Background {#Sec1}
==========

*Ralstonia solanacearum* is the causal agent of the destructive bacterial wilt disease in tropical and subtropical crops, including tomato, tobacco, banana, peanut and eggplant \[[@CR1]\]. *R. solanacearum* is one of the most aggressive bacterial pathogens infecting potato (*Solanum tuberosum* L.). The disease in potato is also called brown rot and is endemic in the Andean region, where potato is a staple food, causing an important impact on food production, public health and the economy of the region \[[@CR2],[@CR3]\]. The pathogen is transmitted by soil, water or infected material; it invades the plant through wound sites in the roots and rapidly colonizes the xylem vessels, where it produces large amounts of exopolysaccharides that block water flow causing wilting and eventually plant death \[[@CR4]\].

Durable resistance against *R. solanacearum* in cultivated potato or in any of the commercial varieties of other hosts is scarce, rendering the control of bacterial wilt challenging \[[@CR5]\]. Loci or genes for quantitative resistance to bacterial wilt have been recently identified in tobacco \[[@CR6]\], tomato \[[@CR7],[@CR8]\], eggplant \[[@CR9]\] and in the model species *Medicago truncatula* \[[@CR10]\]. However, there is limited knowledge on the molecular basis of these resistances. The best characterized resistance response to *R. solanacearum* is mediated by RRS1-R, a single *Arabidopsis thaliana* gene encoding a TIR-NBS-LRR protein which is able to recognize the bacterial effector PopP2 and provide recessive resistance \[[@CR11]-[@CR13]\].

Potato breeding programs have used wild species related to *S. tuberosum* as a source of resistance against bacterial wilt \[[@CR14]-[@CR16]\]. Initially, *S. phureja* was used to successfully introgress resistance in potato against *R. solanacearum* \[[@CR16],[@CR17]\]. Nonetheless, this germplasm shows resistance at high altitudes yet becomes susceptible when grown at warmer temperatures in the lowlands \[[@CR17],[@CR18]\], suggesting the existence of latent infections (i.e., infected plants that remain asymptomatic \[[@CR19]\]). Despite this drawback, the use of resistant varieties is an important approach to control the disease. *S. commersonii* Dun \[[@CR20]\], native to Uruguay, Argentina and Brazil, has been used as a valuable source of resistance to several diseases including bacterial wilt \[[@CR14],[@CR15],[@CR21]-[@CR25]\]. This wild relative of potato is diploid, and has shown segregation of resistance against bacterial wilt \[[@CR22]\]. Gonzalez et al. \[[@CR22]\] obtained a *S. commersonii* population (accessions F1 to F121) that segregated for *R. solanacearum* resistance, suggesting polygenic control for this trait.

Applying transcriptomics to study host-pathogen interactions has provided unparalleled insight into the mechanisms underlying disease development, basal defense, and gene-for-gene resistance. For instance, seminal work on genome-wide expression studies revealed important overlaps in plant gene expression at the early stages of incompatible interactions and the late stages of compatible interactions \[[@CR26]\]. In potato, microarray studies on resistant and susceptible cultivars have shown that infection with *Rhizoctonia solani* \[[@CR27]\], *Phytophthora infestans* \[[@CR28]\] and potato virus Y \[[@CR29]\] induce both general and cultivar-specific defence genes and systemic resistance. In a recent report, transcriptomic comparison of potato varieties resistant or susceptible to the late blight pathogen *P. infestans* enabled the identification of candidate genes for quantitative resistance to this disease \[[@CR30]\]. Transcriptional responses in leaves associated with bacterial wilt disease development were studied in-depth for the model plant *A. thaliana* \[[@CR31]\]. This study showed little impact of the pathogen at the early infection stages and up-regulation of ABA, senescence and basal resistance-associated genes during wilting. Similarly, the transcriptome of two tomato cultivars with contrasting resistance against *R. solanacearum* identified pathogenesis-related, hormone signaling and lignin biosynthesis genes induced in stems of the resistant cultivar LS-89 while no change in gene expression was detected for the susceptible cultivar Ponderosa \[[@CR32]\]. Regarding potato responses to bacterial wilt, a cDNA-AFLP approach was used to isolate specific transcripts expressed in the aerial parts during resistant and susceptible interactions, revealing metabolites exclusively produced in the resistant genotypes \[[@CR33]\]. More recently, using *S. tuberosum* cDNA microarrays, the transcriptome of the highly-resistant *S. commersonii* accession F100 was determined in stem tissue 6 to 120 hours after challenge with *R. solanacearum* \[[@CR15]\]. These results suggest a role of both salicylic acid (SA) and ethylene (ET) in the early defense responses \[[@CR15]\], but the array technology used did not provide information on any *S. commersonii* lineage-specific genes that may contribute to resistance against *R. solanacearum*. As knowledge in plant defense at the root-microbe interface is scarce, we have characterized in this study *R. solanacearum*-potato interactions by examining the below-ground transcriptome of two additional *S. commersonii* accessions from the aforementioned cross that show susceptibility (F97) and resistance (F118) to bacterial wilt. We employed sequencing of RNAs (RNA-seq) to compare the root transcriptome of pre-symptomatic plants colonized by *R. solanacearum* to that of non-inoculated plants. RNA-seq has three important advantages compared to microarray hybridization: it detects all existing transcripts irrespective of gene annotation, it is a direct quantitative measure of gene expression and it is more sensitive to lowly-expressed transcripts \[[@CR34]\]. We describe for the first time the *S. commersonii* transcriptome response to *R. solanacearum* including the identification of candidate genes and novel *S. commersonii* transcripts that may have a role in resistance in this wild potato species to bacterial wilt. Additionally, we compare two different methods to eliminate ribosomal RNA to obtain plant-derived mRNAs for RNA seq.

Results and discussion {#Sec2}
======================

Generating a *solanum commersonii* reference sequence from RNA-seq reads {#Sec3}
------------------------------------------------------------------------

We chose to analyze *S. commersonii* transcriptional responses to *R. solanacearum* in the root tissues, where the infection starts. To this end, we chose to inoculate plants with the highly-aggressive *R. solanacearum* UY031 strain, which was originally isolated from potato \[[@CR4]\]. Root infection is a stochastic process that results in high colonization variability in plants soil-inoculated with *R. solanacearum* \[[@CR19]\]. In order to standardize infections, a previously developed light-emitting derivative of the UY031 strain \[[@CR35]\] was used for plant inoculation and root sections from asymptomatic plants that contained similar bacterial loads were selected after measuring light emission with a luminometer. RNA was extracted from inoculated and non-inoculated *S. commersonii* roots or from a mixture of tissues containing flower, root, stolon, shoot and leaves, and subjected to Illumina sequencing after mRNA enrichment by polyA+ selection or ribosomal RNA depletion (see below). The RNA-seq reads derived from polyA+ selection were used to construct a *S. commersonii* transcriptome assembly that was maximized to identify novel transcripts derived from the two plant genotypes analyzed (F118 and F97). To detect these novel transcripts, RNA-seq reads were first mapped to the *S. tuberosum* Group Phureja DM genome \[[@CR36]\] using Tophat \[[@CR37]\]. Aligned reads were discarded and un-aligned reads were retained (Figure [1](#Fig1){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}) and filtered for quality, resulting in 185,410,176 high quality illumina sequences that were used in a *de novo* transcriptome assembly using the transcriptome assembler Oases \[[@CR38]\]. A total of 159,755,431 (86.16%) reads were assembled into 165,668 transcripts including isoforms (Table [2](#Tab2){ref-type="table"}). Possible contaminants in the transcript assemblies were identified and removed by searches against the UniRef100 database \[[@CR39]\] using BLASTX \[[@CR40]\]. Low complexity sequences (4,896) were removed using a custom perl script \[[@CR41]\] resulting in 160,146 high-quality assembled transcripts. Statistics including N50 contig and average transcript length were calculated (Table [2](#Tab2){ref-type="table"}); an N50 contig size larger than 1kb and an average transcript length of 898 nucleotides indicated a robust assembly of the *S. commersonii* transcripts.Figure 1**Workflow of analysis of root RNA samples from the** ***S. commersonii*** **accessions and generation of the** ***S. commersonii*** **reference sequence.** **A)** RNA-seq reads were mapped using TopHat \[[@CR37]\] to *Solanum tuberosum* DM genome and unmapped reads were retained. **B)** Unmapped reads were filtered for low quality and artifacts using Cutadapt and FASTX toolkit \[[@CR71],[@CR72]\]. The cleaned reads were used to carry out a *de novo* transcriptome assembly using Oases \[[@CR38]\]. The assembled transcripts were filtered out for low complexity sequences and possible contamination by searching sequences against the Uniref100 database. **C)** High quality transcripts assemblies were aligned to *S. tuberosum* DM genome using Gmap \[[@CR42]\] and unaligned transcripts were kept for further analyses. In order to eliminate redundancy only the longest isoform from each Oases locus was used as the representative transcript. Representative transcripts were used to create a reference sequence that was added as an additional chromosome to the *S. tuberosum* DM genome. **D)** *Solanum commersonii* RNA-seq was mapped to the *S. tuberosum* DM genome and *S. commersonii* lineage specific concatenated transcript sequences using TopHat. After mapping, expression values were obtained using Cufflinks \[[@CR43]\].Table 1***S. commersonii*** **RNA-seq library description and number of unmapped reads** to ***S. tuberosum*** **Group Phureja DM genomeGenotypeTreatmentIDTotal readsMapped reads to** ***S. tuberosum*** **Group Phureja DM genome (%)Total mapped reads to** ***S. tuberosum*** **Group Phureja DM genome and** ***S. comersonii*** **pseudomolecule (%)Total unmapped reads to** ***S. tuberosum*** **Group Phureja DM genome and** ***S. comersonii*** **pseudomolecule (%)**ResistantInoculated\*F118-inoc104.964.46680,915,976 (77.1%)93,103,245 (88.7%)11,861,221 (11.3%)ResistantMock-inoculated\*F118-control136.121.036103,742,612 (76.2%)120,857,786 (88.8%)15,263,250 (11.2%)SusceptibleMock-inoculated\*F97-control76.995.58360,065,956 (78.0%)68,045,457 (88.3%)8,950,126 (11.6%)SusceptibleInoculated\*F97-inoc150.998.983117,725,715 (78.0%)133,722,765 (88.6%)17,276,218 (11.4%)SusceptibleMock-inoculated\*CA+CB:F97-control115.364.61589,248,600 (77.4%)102,851,301 (89.2%)12,513,314 (10.9%)SusceptibleInoculated\*IA+IB:F97-inoc117.130.84191,346,770 (78.0%)104,504,388 (89.2%)12,626,453 (10.8%)SusceptiblePool of RNA \*\*F97 pool of RNA206.220.325167,556,845 (81.2%)170,530,084 (82.7%)35,690,241 (17.3%)SusceptiblePool of RNA \*\*F97 pool of RNA206.220.325161,702,303 (78.4%)164,543,511 (79.8%)41,676,814 (29.2%)\*Total RNA was pooled from root tissue.\*\*Total RNA was pooled from flower, stolon, stem and infected or non-infected root.Table 2**Statistics of the** ***S. commersonii*** **de novo transcriptome assembly**Reads for assembling185.410.176Assembled reads159.755.431% of assembled reads86,2Number of transcripts160.146Maximum length (bp)9.174Minimum length (bp)250Average size of contigs (bp)898N50 contig (bp)1.242

A second step in the pipeline involved the identification of orthologues of *S. tuberosum* Group Phureja with the *S. commersonii* transcript assemblies. The *S. commersonii* transcript assemblies were aligned to the *S. tuberosum* DM genome \[[@CR36]\] using Gmap \[[@CR42]\]; of these, 148,387 transcripts (92.7%) aligned to the DM genome sequence using 80% identity and 80% coverage as thresholds and were discarded as these are close orthologs with gene in the annotated potato reference genome. The un-aligned transcripts (\~8%) which represent putative novel transcripts in *S. commersonii* were used for downstream analysis. As the Oases algorithm generates isoforms of a locus that represents true alternative isoforms, alleles and paralogues, downstream analyses utilized the "representative" transcript that is the longest isoform of loci with more than one isoform, yielding a total of 9,766 representative transcripts \[[@CR41]\]. Manual review of the un-aligned transcripts revealed sequences with similarity to proteins from oomycetes, fungi, algae and metagenome projects, suggesting that our initial filtering failed to identify all potential contaminants in the *de novo* assembly. Contaminating RNAs may originate from endophytes living in the rhizosphere or present in the unsterilized soil in which the plants had been grown. Thus, we implemented two additional filters to identify only high confidence novel *S. commersonii* transcripts for use in downstream expression profiling experiments. First, using the BLAST alignments to the UniRef100 database, the stringency for annotating a transcript as a potential contaminant was lowered and any transcript with a top BLAST match to a non-Viridiplantae sequence (\<1e-10) was removed. For transcripts lacking similarity to the UniRef100 database, we searched the transcripts against the annotated *S. tuberosum* Group Phureja proteome \[[@CR36]\] and removed any transcript that lacked \> 50% identity, \> 50% coverage with an E-value of \<1e-5. A total of 6,788 sequences out of the 9,766 representative transcripts were removed yielding 2,978 representative transcripts that were stitched together by inserting Ns between the representative sequences to generate a set of concatenated transcript sequences (CTS).

*S. commersonii* is a valuable source for potato breeding programs due to its genetic variability and high resistance to bacterial or fungal pathogens as well as abiotic stress including frost tolerance. Thus, we classified the newly described genes from the *S. commersonii*-specific transcript assemblies using Gene Ontology (GO) Slim terms functional categories and compared them to the *S. commersonii* transcripts with orthologues in the *S. tuberosum* DM genome. The categories in the *S. commersonii* lineage-specific transcripts compared to the annotated DM genome (PGSC) are depicted in Figure [2](#Fig2){ref-type="fig"}. Molecular function categories of genes with an enzymatic activity (catalytic activity, hydrolase activity, transferase activity) were the most represented (55.2%) in the *S. commersonii-*specific transcripts vs 31.3% in the DM potato genome (Figure [2](#Fig2){ref-type="fig"}). Interestingly, analysis of the annotations of the novel *S. commersonii* transcripts revealed that nearly 3% corresponded to biotic/abiotic stress response genes and 1.4% to genes encoding resistance-like proteins. Hence, the *S. commersonii*-specific transcripts, among which, likely lie agronomically valuable genes are described and catalogued for the first time with this work.Figure 2**Gene Ontology category distribution of novel** ***S. commersonii*** **transcripts and predicted genes in the reference** ***S. tuberosum*** **DM genome.** Pie charts on the top show gene distribution according to major Gene Ontology Categories. The bottom charts detail sub-categories of molecular function. Nucleotide/nucleic acid binding includes the categories: Nucleotide binding, DNA binding, Nucleic acid binding and RNA binding. All categories below 2% of representation in both gene sets (signal transducer activity, molecular function, receptor activity, translation factor activity, nuclease activity, chromatin binding, motor activity, receptor binding) were grouped in "Other". PSGC: Potato Genome Sequence Consortium.

*R. solanacearum* infection preferentially impacts the *S. commersonii-*specific genes and triggers stress responses {#Sec4}
--------------------------------------------------------------------------------------------------------------------

Once we had created a set of *S. commersonii*-specific transcripts, we analyzed the root transcriptomes in two accessions of this wild potato species that show contrasting resistance towards bacterial wilt. To this end, RNA-seq reads were mapped to the *S. tuberosum* Group Phureja DM genome \[[@CR36]\] and the *S. commersonii* CTS using Tophat \[[@CR37]\] and expression abundances in fragments per kilobase exon model (transcript) per million mapped reads (FPKM) were calculated using Cufflinks \[[@CR43]\]. Inclusion of the *S. commersonii* CTS resulted in mapping of \>88% of the reads (Table [1](#Tab1){ref-type="table"}), clearly improving the efficiency obtained using the DM genome alone as a reference. Interestingly, 33 genes were present in all root samples within the 100 highest expressed (Additional file [1](#MOESM1){ref-type="media"}: Table S1), and 18 of these genes were also amongst the 100 highest expressed genes in samples from other non-inoculated pooled potato tissues (Additional file [1](#MOESM1){ref-type="media"}: Table S1, shadowed). For functional annotation of these genes we used GO (see Methods). In addition to housekeeping genes, the highly expressed genes present in all tissues included metallothioneins, a catalase, late embryogenesis abundant protein 5 and a glycine-rich RNA binding protein, all involved in stress tolerance. Furthermore, the 15 highly expressed root-specific genes include drought-induced protein SDi and dehydrin DHN10 (Additional file [1](#MOESM1){ref-type="media"}: Table S1). The abundance of all of these transcripts in uninfected and unstressed *S. commersonii* plants may reflect the capacity of this wild potato to cope with different environmental stresses.

Differentially expressed genes between treatments were identified using Cuffdiff \[[@CR43]\]. Comparison between non-inoculated and pathogen-inoculated roots of the resistant F118 genotype revealed 221 differentially expressed genes (four-fold change and False Discovery Rate FDR \< 0.05). Among these genes, a 1,3-beta glucosidase, a threonine dehydratase and an unknown protein were induced the highest, while an ABC transporter, a cysteine protein, a cytochrome P450 and a Hsp90 were highly repressed after pathogen infection (Additional file [1](#MOESM1){ref-type="media"}: Table S2 and Figure [3](#Fig3){ref-type="fig"}). When inoculated and control roots of the F97 susceptible genotype were compared, 644 differentially expressed genes were detected. An ethylene-responsive transcription factor, Hsp90, heavy metal detoxification, senescence-related and polygalacturonase-encoding genes showed the highest expression levels while genes encoding glycine-rich, non-specific lipid transport and unknown function proteins showed lowest expression after pathogen inoculation (Additional file [1](#MOESM1){ref-type="media"}: Table S3 and Figure [3](#Fig3){ref-type="fig"}). The two accessions were compared (F97 vs F118) for both non-inoculated and both inoculated roots tissues using the same thresholds as above (Additional file [1](#MOESM1){ref-type="media"}: Table S4 and S5). The higher transcriptional response in the susceptible accession and the fact that 1,201 genes showed differential expression between the two inoculated accessions (Additional file [1](#MOESM1){ref-type="media"}: Table S5 and Figure [3](#Fig3){ref-type="fig"}) indicate that these *S. commersonii* genotypes might have contrasting responses towards *R. solanacearum* in roots. Interestingly, both accessions showed a similar proportion of up- and down-regulated genes after bacterial inoculation (118 up vs 103 down in F118 and 339 up vs 305 down in F97; Figure [3](#Fig3){ref-type="fig"}), in contrast with the higher number of down-regulated genes detected in leaves of the highly resistant genotype F100 in a previous microarray study at earlier times of the interaction \[[@CR15]\]. Altogether, around 2% of all *S. commersonii* genes were differentially expressed in any of the infected asymptomatic accessions compared to non-inoculated plants. This contrasts with the study by Hu and colleagues \[[@CR31]\], where no genes were differentially expressed at early stages of the *A. thaliana-R. solanacearum* interaction. This difference is likely due to the fact that we studied roots, the entry tissue in direct contact with the pathogen, while Hu et al. \[[@CR31]\] also infected the roots but performed their transcriptome analyses from leaf tissue. Differences could also be attributable to the nature of the interactions with *R. solanacearum*: quantitative resistance in *S. commersonii* versus the gene-for-gene resistance in *A. thaliana*.Figure 3**Genes differentially expressed upon** ***R. solanacearum*** **challenge in the potato genotypes F118 (resistant) and F97 (susceptible).** Venn diagrams showing unique and common up-regulated (up) and down-regulated (down) in inoculated vs non-inoculated control plants.

We then analyzed the origin of the differentially expressed genes upon bacterial infection. The chromosomal distribution of these genes in the DM genome or the *S. commersonii* CTS is shown in Figure [4](#Fig4){ref-type="fig"}, exceptuating 3 and 32 genes that could not be mapped to a specific chromosome in F118 and F97, respectively. Interestingly, 29.8% of F118 genes up- or down-regulated after inoculation were derived from the *S. commersonii* CTS, in spite of representing only 19.8% of the genes in this species. Over-representation of *S. commersonii* lineage-specific genes in those differentially expressed was not observed in F97. These data support our hypothesis that the *S. commersonii*-specific genes may encode critical genes that function to confer pathogen resistance to F118.Figure 4**Abundance of differentially expressed genes by genomic distribution.** Genes differentially regulated upon challenge by *R. solanacearum* are presented according to their genomic location. Chr1 to Chr12 indicate *S. tuberosum* DM chromosomes. CTS indicates genes present in the *S. commersonii* lineage-specific concatenated transcript sequences.

To obtain a broader picture on the differences in gene expression dynamics in response to pathogen infection in the susceptible (F97) and resistant (F118) genotypes, we categorized the differentially expressed genes (FDR \<0.05) according to their gene ontology (GO) annotation (Figure [5](#Fig5){ref-type="fig"}). There were two categories (response to biotic stress and cell wall modification) that stood out as up-regulated in both genotypes after inoculation with *R. solanacearum* and one (development) was clearly under-regulated, in line with the accepted notion that induction of plant defense triggers growth inhibition \[[@CR44]\]. The category "hormone" was also clearly differentially regulated. We divided this category into genes related to the different phytohormones, which showed that an important number of ethylene-related genes were induced in F97 but not in F118. Similarly, jasmonic acid (JA)-related genes were induced in F97 after pathogen challenge, but not in F118. In contrast, SA-related genes were down-regulated in both accessions (Figure [5](#Fig5){ref-type="fig"}). All these differential expression changes were much more apparent in F97, suggesting that this susceptible *S. commersonii* accession is stressed further than the resistant F118 upon pathogen challenge. Since biotic stress genes were clearly up-regulated in both accessions challenged with *R. solanacearum*, we compared differentially expressed genes from our RNA-seq experiments to previous studies of disease resistance in potato. Published transcriptional studies in DM potato defined sets of genes whose expression was specifically triggered by biotic or abiotic stress or by hormone treatment \[[@CR45]\]. Comparison of the expression of the DM-annotated genes from our study with those reported in \[[@CR45]\], revealed that there is an overlap between *S. commersonii* genes differentially expressed upon *R. solanacearum* inoculation and those of *S. tuberosum* challenged with *P. infestans* or phytohormone analogues (Figure [6](#Fig6){ref-type="fig"}). Precisely, 22.6% of the F118 and 12.8% of the F97 genes differentially expressed have been previously identified as responsive to biotic stresses. Also, roughly 10% of the *R. solanacearum*-response genes in both accessions were known as affected by abiotic stresses (salt, mannitol and heat) or hormone treatment (abscisic acid, gibberellin, auxin and cytokinine) \[[@CR46]-[@CR51]\]. In summary, we found substantial overlap of our results with genes involved in pathogen and other stress responses (Figure [6](#Fig6){ref-type="fig"}), suggesting that potatoes use a common set of genes to cope with biotic and abiotic stresses. This also supports the emerging hypothesis that common response nodes exist in plants to face alterations in their homeostasis.Figure 5**Comparison of plant responses to bacterial infection in the F118 (resistant) and F97 (susceptible)** ***S. commersonii*** **accessions.** Genes differentially expressed after inoculation with *R. solanacearum* in both accessions were grouped by Gene Ontology functional categories and their abundance represented as bars in the graph. Gene numbers for each category in down-regulated (left panel) and up-regulated (right) genes in the two plant accessions F118 (blue bars) and F97 (red bars) are represented side by side for comparison. Abbreviations are as follows: PS light react: Photosystem light reactions; AA metab: Amino acid metabolism.Figure 6**Comparison of differentially expressed potato genes under various stresses or hormone treatments.** DM-annotated genes differentially expressed following *S. commersonii* root infection with *R. solanacearum* F97 **(A)** and F118 **(B)** accessions were compared to previously-described *S. tuberosum* genes differentially expressed after infection by *Phytophthora infestans* (Biotic), treatment with phytohormone analogues (hormones) or during abiotic stresses (Abiotic) \[[@CR45]\]. Common and specific genes to each condition are represented in Venn diagrams.

A set of core genes involved in plant defense are up-regulated after pathogen inoculation in the susceptible and resistant *S. commersonii* genotypes {#Sec5}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We next analyzed the commonalities and differences in the transcriptome of the susceptible (F97) and resistant (F118) *S. commersonii* accessions upon inoculation with *R. solanacearum* (Figure [3](#Fig3){ref-type="fig"}). A total of 34 genes were up-regulated in both accessions (Table [3](#Tab3){ref-type="table"}) and six were down-regulated (Table [4](#Tab4){ref-type="table"}). These genes can be considered indicators of the pre-symptomatic responses of *S. commersonii* to bacterial wilt. Their expression is indicated in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"} as the logarithm of FPKM in inoculated divided by FPKM in non-inoculated roots (log(inoc/ctr)). Interestingly, 22 of the genes up-regulated in both accessions (65%) had been previously described as involved in plant defense \[[@CR46]-[@CR51]\].Table 3**Genes up-regulated in both F97 and F118 accessions upon** ***R. solanacearum*** **infectionGene nameAnnotationF118 log(inoc/ctr)F97 log(inoc/ctr)Pathogen-responsive proteins**PGSC0003DMG401010492Acidic class II 1,3-beta-glucanase3,032,45PGSC0003DMG400010491Glucan endo-1,3-beta-D-glucosidase3,863,71PGSC0003DMG400010490Acidic class II 1,3-beta-glucanase2,972,39PGSC0003DMG400029830Glucan endo-1,3-beta-D-glucosidase2,703,08PGSC0003DMG400019437Pathogen-and wound-inducible antifungal protein CBP202,743,79PGSC0003DMG400044171P69E protein2,612,44PGSC0003DMG400045235P69E protein2,722,35PGSC0003DMG401003937P69B protein2,742,05PGSC0003DMG400003939Serine protease2,362,12PGSC0003DMG400030731Metallocarboxypeptidase inhibitor2,872,79**Genes related to auxin metabolism**PGSC0003DMG401028570Phosphoglycerate/bisphosphoglycerate mutase family protein3,102,42PGSC0003DMG402028570Phosphoglycerate/bisphosphoglycerate mutase3,122,41PGSC0003DMG400021406Phytosulfokine peptide2,972,25PGSC0003DMG400024978Indole-3-acetic acid-amido synthetase GH3.32,022,14**Genes related to cell death or plant defense**PGSC0003DMG400002029Cytoplasmic small heat shock protein class I2,983,55PGSC0003DMG400002028Cytoplasmic small heat shock protein class I2,983,55PGSC0003DMG400002027Cytoplasmic small heat shock protein class I2,983,55PGSC0003DMG400019956Glutathione s-transferase2,753,26PGSC0003DMG400010798Staygreen protein2,782,11PGSC0003DMG400017713LRR receptor-like serine/threonine-protein kinase2,682,02PGSC0003DMG400012992Receptor protein kinase3,132,73PGSC0003DMG400031325Nectarin 52,502,98**Unknown function & putative proteins**PGSC0003DMG400002772Conserved gene of unknown function2,594,59PGSC0003DMG400007526Conserved gene of unknown function3,442,11PGSC0003DMG400031326Conserved gene of unknown function3.742,96PGSC0003DMG400016493Gene of unknown function2,463,60PGSC0003DMG400016351Conserved gene of unknown function2,682,99PGSC0003DMG400011404Gene of unknown function2,243,71**Genes with uncertain function**PGSC0003DMG400026590Major pollen allergen Ory s 14,922,34PGSC0003DMG400027031Hydrogen peroxide-induced 13,063,03PGSC0003DMG400011226Sodium/potassium/calcium exchanger 63,103,13sci_locus_30986_iso_1\_len_1653_ver_2Trypsin and protease inhibitor2,992,89PGSC0003DMG400012987Threonine dehydratase biosynthetic, chloroplastic6,884,67PGSC0003DMG400004690Metal ion binding protein4,683,75log(inoc/ctr) stands for logarithm of FPKM in inoculated divided by FPKM in non-inoculated roots.Table 4**Other differentially expressed genes between accessionsGene nameAnnotationF118 log(inoc/ctr)F97 log(inoc/ctr)Genes up-regulated in F97 and downregulated in F118 upon** ***R. solanacearum*** **infection**sci_locus_40613_iso_1\_len_1495_ver_23-ketoacyl-CoA thiolase 5, peroxisomal n=2 Arabidopsis thaliana RepID=THIK5_ARATH-4,182,42sci_locus_57525_iso_1\_len_447_ver_2Lipid binding protein, putative Ricinus communis RepID=B9S7C4_RICCO-3,092,47PGSC0003DMG400006862Polygalacturonase-2,865,84PGSC0003DMG400008255Conserved gene of unknown function-2,463,75**Genes down-regulated in both F97 and F118 accessions upon** ***R. solanacearum*** **infection**PGSC0003DMG400002519Zinc finger protein-2,32-4,86PGSC0003DMG40002048114 kDa proline-rich protein DC2.15-2,67-6,35PGSC0003DMG400023764Globulin-2,35-2,95PGSC0003DMG400002857Ribonuclease t2-2,35-3,43PGSC0003DMG401019636Gene of unknown function-3,09-2,80PGSC0003DMG400046602Conserved gene of unknown function-2,92-6,70**Genes down-regulated in F97 and up-regulated in F118 upon** ***R. solanacearum*** **infection**PGSC0003DMG400004820Electron transporter3,31-2,03PGSC0003DMG400029879Mechanosensitive ion channel domain-containing protein2,34-3,46PGSC0003DMG400030913Tuber-specific and sucrose-responsive element binding factor2,37-3,68sci_locus_16164_iso_1\_len_515_ver_2UPI00016437BC related cluster unknown RepID=UPI00016437BC2,81-3,22log(inoc/ctr) stands for logarithm of FPKM in inoculated divided by FPKM in non-inoculated roots.

Ten pathogen-response (PR) genes were present in the 34 up-regulated in both accessions (Table [3](#Tab3){ref-type="table"}). Four of these genes encoded β-1,3-glucanases belonging to the pathogenesis-related protein 2 (PR2) family. These enzymes are assumed to degrade β-1,3-glucans in the pathogen cell walls to protect the host plant \[[@CR46],[@CR47]\]. Similarly, the up-regulated gene CBP20 belongs to the PR4 family and has shown both antifungal and β-1,3-glucanase activities \[[@CR48]\]. Three P69 family genes encoding subtilisin-like proteinases were also up-regulated in both interactions. P69B was suggested to respond to SA and bacterial effector-triggered defense in tomato \[[@CR49]\] and its expression in tomato is restricted to roots \[[@CR50]\], the tissue studied in this work. Another serine protease was also induced by *R. solanacearum*, suggesting that these proteases may be involved in host defense against this pathogen*.* Finally, up-regulated genes also included a potato metallocarboxypeptidase inhibitor (PCI), which is induced by JA and ABA \[[@CR51]\].

Four genes whose expression was triggered by the pathogen in both accessions are related to the auxin pathway (Table [3](#Tab3){ref-type="table"}). The up-regulated GH3.3 gene encodes an enzyme that conjugates amino acids to indole-3-acetic acid (IAA) and was shown to be induced in *A. thaliana* by pathogen and IAA-amino acid formation \[[@CR52],[@CR53]\]. This gene, together with GH3.5, GH3.6, and the transcript encoding the growth promotion peptide phytosulfokine (PSK), were described as positively regulated in auxin-mediated adventitious root initiation \[[@CR54],[@CR55]\]. IAA-Asp, one of GH3.3 products, also caused disease promotion via regulation of pathogen virulence gene expression \[[@CR52]\]. Likewise, AtPSK acts as a negative regulator of PAMP-triggered immunity to balance the cost of its activation \[[@CR56]\]. Eight PSK members are encoded in the *S. tuberosum* genome, four of which were activated in bacteria-challenged F97 while only one in F118. We also found two up-regulated phosphoglycerate/biphosphoglycerate mutases, which are hypothesized to be involved in glycolysis (<http://potatometabolicpathways.webs.com/Metabolic_Pathways_of_Diseased_Potato.pdf>). However, in soya bean and *A. thaliana*, this gene is strongly induced by auxin and nematodes and its protein product is detected at the root meristem \[[@CR57]\].

Eight other *R. solanacearum*-triggered genes were related to plant defense or cell death (Table [3](#Tab3){ref-type="table"}). For instance, three up-regulated small heat shock proteins were found. These proteins may play a role in defense similarly to the small heat shock protein RSI2, which contributes to tomato resistance by stabilizing resistance protein I-2 \[[@CR58]\]. Tobacco small heat shock protein Ntshsp17, also induced by *R. solanacearum*, caused delayed wilting symptoms and was required for effector-triggered immunity \[[@CR59]\]. One Glutathione S-transferase (GST) was also induced in challenged *S. commersonii*. GSTs use glutathione peroxidase activity to protect cells from oxidative damage in addition to catalyzing GSH conjugation reactions, binding auxin and phenylopropanoid and transporting anthocyanin into the vacuole \[[@CR60]\]. Moreover, it is reported that *NbGSTU1*-silenced plants showed enhanced susceptibility to the pathogen *Colletotrichum orbiculare* \[[@CR61]\]. Finally, an induced gene encoded a stay-green protein, which is involved in metabolism of chlorophyll during senescence development and is required for AvrRpm1-triggered HR in *A. thaliana* \[[@CR62]\]. Two receptor proteins of the FLS2 and EFR family were also present. These receptors are known to be an important component of plant immunity \[[@CR63]\]. Finally, Nectarin 5, which has been proposed to function in producing high levels of hydrogen peroxide and protect from microbial infection, was also induced \[[@CR64]\].

The above-mentioned genes likely control the core responses of *S. commersonii* towards the pathogen and may explain the higher tolerance to disease of this wild potato with respect to the cultivated *S. tuberosum*. An indication of this is that three of the above mentioned genes, encoding metallocarboxypeptidase inhibitor, indol-3-acetic acid-amido synthetase (GH3.3) and a leucine-rich repeat (LRR) receptor-like protein kinase, were also found up-regulated in the highly-resistant *S. commersonii* genotype F100 at a very early time of six hours after inoculation with *R. solanacearum* \[[@CR15]\]. This suggests the importance of these core genes in *R. solanacearum*-plant interactions at early and later stages of the infection.

Upon pathogen challenge, four genes were up-regulated in the susceptible F97 accession and down-regulated in F118 (Figure [3](#Fig3){ref-type="fig"}). We analyzed these genes, since they might correspond to bacterial wilt susceptibility genes and therefore could be good candidates to engineer potato varieties resistant to this disease. Two of these genes (3-ketoacyl-CoA thiolase 5 and lipid binding protein) are *S. commersonii*-specific -not present in the *S. tuberosum* Group Phureja DM genome- and belong to the GO category fatty acid metabolism/beta-oxidation, involved in the metabolism of the phytohormone JA (Table [4](#Tab4){ref-type="table"}). 3-ketoacyl-CoA thiolase 5 (KAT5) is a key enzyme in JA biosynthesis and its deletion in *A. thaliana* impaired both JA-mediated resistance to insect and pollen viability \[[@CR65]\]. Hormones are known to play a critical role in the outcome of plant-pathogen interactions. Higher levels of JA in the susceptible accession compared to the resistant one might explain the contrasting response against *R. solanacearum*, as JA is known to antagonize SA signaling, which is necessary for systemic resistance \[[@CR66]\]. These JA and SA hormone alterations could be specific to potato, as previous studies in *A. thaliana* showed that *R. solanacearum* is able to successfully suppress the SA defense pathway \[[@CR12],[@CR31],[@CR67]\]. The differences in the hormone responses of the two *S. commersonii* accessions could be due to different genetic backgrounds that cause specific plant responses or to pathogen interactions specific to one accession. In this sense, it is worth mentioning that the SA pathway appeared activated upon infection in a microarray gene expression study using the *S. commersonii* resistant accession F100 \[[@CR15]\]. Finally, the presence of a polygalacturonase within the differentially expressed genes in the two accessions could be speculated to be an outcome of bacterial virulence. Bacterial and fungal pathogens secrete such enzymes to promote infection and the plant hosts even generate polygalacturonase-inhibiting proteins in response \[[@CR68]\]. It could be that *R. solanacearum* hijacks the host enzyme to escape from plant polygalacturonase inhibitors.

An analysis of the genes down-regulated in both accessions or whose transcripts increased in F118 and decreased in F97 upon inoculation (Figure [3](#Fig3){ref-type="fig"}) did not reveal genes known to be related to disease responses, but we believe that these sets of genes (Table [4](#Tab4){ref-type="table"}) are also a useful source for future research on plant-pathogen interactions.

Ribosomal RNA depletion as a method to assess differentially expressed genes in bacterial infected plant tissues {#Sec6}
----------------------------------------------------------------------------------------------------------------

Ribosomal RNA-depleted samples obtained from plants infected with pathogenic bacteria should provide simultaneous information on gene expression from both the plant and the pathogen. Thus, one of the goals of this work was to compare two methods for rRNA removal before transcriptome analysis using RNAseq: ribosomal RNA depletion with Ribozero® (Epicentre) and PolyA+ selection to enrich for mRNA. Starting from the same total RNA samples used above for polyA+ selection and RNA-seq, we performed ribosomal RNA depletion with Ribozero®, after which Illumina RNA-seq libraries were constructed and sequenced. With respect to *S. commersonii* transcripts, PolyA+ vs rRNA-depleted transcriptomes should only differ in organellar genes that remain in the latter procedure and the fact that we were using root samples -devoid of chloroplasts- should minimize this problem. Our first comparisons of transcript expression levels for each condition obtained with both methodologies showed distorted ratios for a number of genes that are most likely organellar in origin, thereby biasing the FPKM ratios of expression abundances obtained from PolyA+ vs rRNA-depleted libraries. Thus, we searched the predicted DM proteome and the *S. commersonii* lineage-specific transcripts using the annotated DM chloroplast and mitochondrial genome sequences \[[@CR69]\] and removed genes with high sequence identity and coverage to the organellar genomes. Surprisingly, organellar-derived transcripts remained, which upon close examination, had not met our initial identity and coverage cutoff criteria using the annotated DM organellar genes. Therefore, we decreased the stringency for identity and coverage cutoffs and broadened our query sequences to include the *A. thaliana* organelles to further define potato and *S. commersonii* genes with organellar identity. Gene expression comparison (in FPKMs) between PolyA+ vs rRNA-depleted samples in a set of libraries is shown in Figure [7](#Fig7){ref-type="fig"}. Transcripts showing aberrant ratios between the two mRNA selection methods were curated manually and those likely to encode organellar or bacterial sequences were removed. While we were able to remove the majority of outliers, several genes/transcripts lacked congruency in FPKM values between the two isolation methods, which affected identification of differentially expressed genes. Some of these outliers were likely due to still imperfect filtering for organellar genes or to other non-PolyA+ RNAs. Thus, we used Spearman Rank Correlation to determine the concordance of expression values in the PolyA+ vs rRNA-depleted samples (Additional file [1](#MOESM1){ref-type="media"}: Table S6). Indeed, the high degree of concordance between the samples using the Spearman Rank Correlation shows that for the most part, these two methods are comparable (Figure [7](#Fig7){ref-type="fig"}). However, the outliers and variation in the lowly expressed genes negatively affect both the Pearson Correlation Coefficient (Additional file [1](#MOESM1){ref-type="media"}: Table S6) and identification of differentially expressed genes. These results suggest that the technical issues with organellar and bacterial mRNAs that are not removed using rRNA depletion will not provide identical results as through conventional polyA+ selection, in which contamination from bacterial and organellar mRNAs is minimized.Figure 7**Plot of expression values obtained in RiboMinus versus polyA+ selected RNA in the F118 control sample. A)** Plot of expression values of all samples in both the RNA selection methods. **B)** Plot of expression values where all samples in both the selection methods likely to encode organellar or ribosomal sequences were removed through automated and manual curation of aberrant ratios between the two RNA selection methods.

Conclusions {#Sec7}
===========

Sequence of the transcriptomes of two accessions of *S. commersonii* and *S. commersonii* challenged with *R. solanacearum* are described for the first time, providing a valuable tool for plant breeding programs. Two percent of all *S. commersonii* genes were differentially expressed after pathogen infection. From these, hormone related genes indicated that both ET and JA were induced in the susceptible accession F97, but not in the resistant accession F118. In contrast, SA-related genes were down-regulated in both accessions after pathogen infection. We compared two different methods to remove ribosomal RNA from the plant samples: PolyA+ selection to enrich for mRNA vs ribosomal RNA depletion using Ribozero®, and determined that conventional PolyA+ selection of mRNA minimizes bacterial and organellar contamination when compared to rRNA depletion.

Methods {#Sec8}
=======

Plant material, bacterial strains and inoculation procedures {#Sec9}
------------------------------------------------------------

Two individuals from a segregating population of the wild potato *S. commersonii* that showed marked differences in resistance against *R. solanace*arum were used in this study (F97, susceptible and F118, resistant) \[[@CR22]\]. Plants were propagated *in vitro* in Murashige and Skoog (MS) medium for two weeks, transferred to a soil mix and grown in a greenhouse for one week with a 12 hour light photoperiod and temperatures kept at 22 to 25°C. Plants were then transferred to a growth chamber at 27°C and 65% relative humidity (RH) for acclimation one week prior to inoculation with *R. solanacearum*.

The highly aggressive *R. solanacearum* strain UY031 (phylotype IIB, sequevar 1-2) isolated from potato in Uruguay \[[@CR4],[@CR70]\], which had been genetically modified to carry the *lux*-operon under control of the *eps* promoter \[[@CR35]\], was used. Prior to inoculation, potato roots from both water controls and pathogen-inoculated plants were injured with a 1 ml pipette tip. Inoculations were performed as described \[[@CR19]\] by drenching the soil with a concentration of 10^7^ cfu/ml of *R. solanacearum* per gram of soil, and control plants were drenched with water. After inoculation, plants were kept in the inoculation chamber with the same conditions as described above.

Tissue collection, RNA extraction and mRNA isolation {#Sec10}
----------------------------------------------------

RNA was extracted from asymptomatic plants of *S. commersonii* three to four days after inoculation (dai). Root samples were collected by measuring one centimeter of root from the base of the stem. Their bacterial content was estimated by measuring luminescence with an FB12 luminometer (Berthold Detection Systems) normalizing by tissue weight. Samples with similar bacterial populations (estimated at approximately 10^5^ colony forming units per g of tissue) were pooled together and flash frozen in liquid nitrogen. Pools of root tissue containing at least seven plants per genotype per treatment (F97 and F118, inoculated and non-inoculated controls) were obtained from three independent biological trials (biological replicas). After tissue grinding in liquid nitrogen with a cold mortar and pestle, total root RNA was extracted from these biological replicas using the NucleSpin® RNA plant extraction kit from Macherey-Nagel following manufacturer's instructions. Total RNA was treated with DNase I. Quality and abundance of RNA was verified using a Bioanalyzer 2100 (Agilent Technologies) and only samples with an RNA Integrity Number (RIN) over 8 were used.

For ribosomal RNA depletion, samples were treated with rRNA removal solution from the Ribo-Zero(™) magnetic kit for plant seed/root (Epicentre) following manufacturer's instructions. Briefly, 2.5 μg of total RNA from each sample was treated with both the rRNA removal solution from the plant seed/root and gram-negative bacteria kits, in a 50:50 ratio. mRNA-enriched fractions from the biological replicas were separately subjected to deep sequencing on an Illumina-Solexa Genome Analyzer II using multiplexing and the kits specially adapted to obtain 76-nucleotide paired-end reads. For samples where PolyA was isolated, the procedure was performed directly following the Truseq Illumina RNAseq procedure.

Reads have been deposited in the National Center for Biotechnology Information Sequence Read Archive under BioProject \#\#\# (to be made available upon publication).

*S. commersonii* transcriptome assembly, functional annotation and expression abundances {#Sec11}
----------------------------------------------------------------------------------------

FASTQC (v 0.10.1) was used to determine the quality of the RNA-seq data (<http://www.bioinformatics.babraham.ac.uk/projects/fastqc/>). Reads were trimmed and cleaned of Illumina adaptors and low quality sequences using the FASTX tool kit (v 0.0.13) \[[@CR71]\] and Cutadapt (v 1.2.1) \[[@CR72]\]. Sequences with a quality score equal or greater than 20 and a minimum length of 50 nt were retained. Cleaned reads were mapped to the *S. tuberosum* Group Phureja DM genome \[[@CR36]\] using Tophat (SAMTools v 0.1.12/Bowtie v 0.12.7/Tophat v 1.4.1) \[[@CR37],[@CR73],[@CR74]\] and unmapped reads were retained. A second round of cleaning was performed using FASTX tool kit (v 0.0.13) \[[@CR71]\]. Cleaned unmapped sequences were assembled using the Oases assembler (Velvet v 1.2.08/ Oases v 0.2.08) with a k-mer length of 31 \[[@CR38],[@CR75]\]. Oases-derived contigs were filtered out for low complexity sequences as described previously \[[@CR41]\]. The transcript assembly was screened for non-*S. commersonii* sequences using three filters. First, assembled transcripts were aligned using BLASTX (WUBLAST v 2.2.6) against UniRef100 \[[@CR39],[@CR40]\] and transcripts with a match at ≥ 70% identity and over ≥ 85% coverage to bacterial, fungal, viral, viroid, arthropod, stramenopile or human sequences were removed as contaminants (626). Manual review revealed additional contaminants may be present in the *S. commersonii* transcript assemblies and as a second filter, the transcripts with an E-value match of \< 1e-10 to any non-Viridiplantae UniRef100 entry was removed as a potential contaminant (1,144). As a third filter, any remaining *S. commersonii* transcripts lacking of UniRef100 annotation were searched against the DM predicted proteome \[[@CR36]\] and transcripts with *\<* 50% identity, *\<* 50% coverage with an E-value \> 1e-05 to a predicted potato protein were removed (5,644).

Gmap (v 20130331) was used to align assembled transcripts to the *S. tuberosum* Group Phureja DM genome \[[@CR36],[@CR42]\]. Un-aligned assemblies were retained and these assemblies were used to build a *S. commersonii* reference sequence. These novel transcripts, along with their annotation, are available as Additional file [2](#MOESM2){ref-type="media"}. Transcripts sequences were concatenated using a unigene set defined as all of the single isoform transcripts and the representative transcript (the longest isoform) for those assemblies in which more than one isoform were generated by Oases \[[@CR38],[@CR41]\]. The concatenated transcript sequences (CTS) were added to the *S. tuberosum* Group Phureja DM genome as an extra chromosome (*S. commersonii* lineage specific). The DM genome and *S. commersonii* lineage-specific CTS were then used as a reference to map *S. commersonii* RNA-seq reads and calculate the expression abundances using Tophat (SAMTools v 0.1.12/Bowtie v 0.12.7/Tophat v 1.4.1) and Cufflinks (v 1.3.0), respectively; Cuffdiff was used to carry out differential expression analysis \[[@CR37],[@CR43],[@CR73],[@CR74]\]. Genes were considered to be differentially expressed based on a FDR \<0.05 and a four-fold change of transcript read abundance. We used these strict thresholds in order to select for relevant and robust differentially expressed genes.

For comparison of our transcriptomic data with previously defined potato transcriptional responses to stress and hormones \[[@CR45]\], we selected genes annotated in the DM reference genome which were differentially expressed (FDR \<0.05 and fold change \>4) in non-inoculated vs *R. solanacearum*-challenged samples. We compared these genes to the biotic, abiotic and hormone potato response genes defined in the literature using a different threshold (FRKM \> 1 and fold change \>2) \[[@CR45]\] and calculated the percentage of overlap of the different datasets.

For functional annotation, assembled transcripts were aligned using BLASTX (WUBLAST v 2.2.6) against UniRef100 \[[@CR39],[@CR40]\] and an E-value cutoff of 1e-10 was used to transitively assign functional annotation. Predicted translations were generated using ESTscan (v 3.0.3) and GO associations were made by InterProScan (v 5.0.rc7) using an E-value cutoff of 1e-10 to assign similarity \[[@CR76]-[@CR78]\]. GO terms were further reduced to GO Slims terms using custom perl scripts.

Additional files {#Sec12}
================

Additional file 1: Table S1.Genes most highly expressed in S. commersonii roots. **Table S2.** Differentially-expressed genes in non-inoculated vs pathogen-inoculated roots of the resistant S. commersonii accession F118. **Table S3.** Differentially-expressed genes in non-inoculated vs pathogen-inoculated roots of the susceptible *S. commersonii* accession F97. **Table S4.** Differentially-expressed genes in non-inoculated roots of the F97 vs F118 accessions of S. commersonii. **Table S5.** Differentially-expressed genes in inoculated roots of the F97 vs F118 accessions of *S. commersonii.* **Table S6.** Spearman Rank Correlation to determine the concordance of expression values in polyA vs rRNA-depleted samples.Additional file 2:**Dataset.**
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